Developing neurons have greater capacity in experience-dependent plasticity than adult neurons but the molecular mechanism is not well understood. Here we report a developmentally regulated long-term synaptic plasticity through actin-dependent activation of presynaptic silent synapses in cultured hippocampal neurons. Live FM 1-43 imaging and retrospective immunocytochemistry revealed that many presynaptic boutons in immature neurons are functionally silent at resting conditions, but can be converted into active ones after repetitive neuronal stimulation. The activation of presynaptic silent synapses is dependent on L-type calcium channels and protein kinase A (PKA)/PKC signaling pathways. Moreover, blocking actin polymerization with latrunculin A and cytochalasin B abolishes long-term increase of presynaptic functional boutons induced by repetitive stimulation, whereas actin polymerizer jasplakinolide increases the number of active boutons in immature neurons. In mature neurons, however, presynaptic boutons are mostly functional and repetitive stimulation did not induce additional enhancement. Quantitative immunostaining with phalloidin revealed a significant increase in axonal F-actin level after repetitive stimulation in immature but not mature neurons. These results suggest that actindependent activation of presynaptic silent synapses contributes significantly to the long-term synaptic plasticity during neuronal development.
Introduction
Long-term synaptic plasticity involves both functional and morphological changes of synapses (Bailey and Kandel, 1993; Collingridge and Bliss, 1995; Nicoll and Malenka, 1995; Hansel et al., 2001 ). In the CNS, postsynaptic silent synapses have been identified as showing only NMDA but not AMPA receptors, and activation of these postsynaptically silent synapses has been demonstrated to contribute significantly to long-term synaptic plasticity (Isaac et al., 1995; Liao et al., 1995; Durand et al., 1996; Wu et al., 1996; Choi et al., 2000) . Presynaptic silent synapses have also been reported, which are possibly caused by a very low probability of synaptic vesicle release (Gasparini et al., 2000; Hanse and Gustafsson, 2001 ). The molecular mechanisms underlying activation of presynaptic silent synapses and their contribution to long-term synaptic plasticity are widely unknown.
Recent studies suggest an active role of actin in activitydependent synaptic plasticity (Colicos et al., 2001; Okamoto et al., 2004) . Actin is an essential cytoskeleton protein playing a vital role in axon guidance, synapse development, and synaptic plasticity (Matus, 2000; Dent and Gertler, 2003; Dillon and Goda, 2005) . Actin can be found in two forms, globular (G-actin) and filamentous (F-actin), with F-actin being polymerized from many G-actin monomers (Dent and Gertler, 2003) . Actin is enriched in both presynaptic nerve terminals and postsynaptic dendritic spines to regulate presynaptic and postsynaptic functions (Fischer et al., 2000; Chang and De Camilli, 2001; Dillon and Goda, 2005) . In presynaptic terminals, F-actin surrounds synaptic vesicle clusters and regulates multiple steps during synaptic vesicle cycling and trafficking (Kuromi and Kidokoro, 1998; Cole et al., 2000; Morales et al., 2000; Shupliakov et al., 2002; Sakaba and Neher, 2003; Sankaranarayanan et al., 2003) . In postsynaptic dendrites, actin may be directly linked to postsynaptic density and regulates AMPA receptor clustering and the maintenance of long-term potentiation (LTP) (Allison et al., 1998; Shen et al., 1998; Kim and Lisman, 1999; Krucker et al., 2000; Star et al., 2002; Ackermann and Matus, 2003; Fukazawa et al., 2003; Matsuzaki et al., 2004; Okamoto et al., 2004) . Actin is also a critical requisite for new synapse formation and for the maintenance of immature synapses (Antonova et al., 2001; Colicos et al., 2001; Zhang and Benson, 2001; Zito et al., 2004; Wang et al., 2005) .
We report here a novel function of actin in converting presynaptic silent synapses into functional ones during long-term synaptic plasticity induced by repetitive-spaced stimulation in hippocampal synapses. Live FM imaging and retrospective immunocytochemistry revealed many presynaptically silent syn-apses in immature neurons, which can be activated by repetitive stimulation. Actin polymerization appears to play a critical role in the activation of presynaptic silent synapses. Inhibition of actin polymerization with latrunculin A or cytochalasin B blocked, whereas promoting actin polymerization with jasplakinolide increased, the number of active boutons in immature neurons. The degree of actin polymerization after repetitive stimulation was significantly increased in immature but not mature neurons, suggesting that activity-dependent actin polymerization is crucial during developmental regulation of long-term synaptic plasticity.
Materials and Methods
Cell culture. Microisland cultures of hippocampal neurons were prepared similarly to those in previous reports Chen et al., 2004) . Briefly, hippocampal CA1-CA3 regions were dissected from newborn rat pups [postnatal day 0 (P0)-P1], quickly subdivided into small cubes (Ͻ1 mm 3 ), and incubated in a digestion solution consisting of 0.05% Trypsin-EDTA and supplemented with 20 mM glucose plus 25 U/ml DNAase. The small tissue blocks were then mechanically dissociated in a solution consisting of HBSS, 5 mM HEPES, 20 mM D-glucose, 20% horse serum, and 25 U/ml DNAase. The cells were resuspended after centrifugation and plated at a medium density (4000 -6000 cells/cm 2 ) onto microislands containing a monolayer of astrocytes. The culture medium contained 500 ml of MEM (Invitrogen, Eugene, OR), 5% FBS (HyClone, Logan, UT), 10 ml of B-27 supplement (Invitrogen), 100 mg of NaHCO 3 , 20 mM D-glucose, 0.5 mM L-glutamine, and 25 U/ml penicillin/streptomycin. Cultures were maintained at 37°C in a 5% CO 2 -humidified incubator, and 50% of the culture medium was replaced three times in the first week. Cultured neurons were used in ϳ3 weeks. In this study, we define immature neurons as cultured for 7-11 d after plating, and mature neurons as 18 -22 d after plating.
Electrophysiology. Whole-cell recordings were performed in voltageclamp mode using a MultiClamp 700A amplifier (Molecular Devices, Union City, CA) . The recording chamber was continuously perfused with a bath solution consisting of (in mM) 128 NaCl, 30 glucose, 25 HEPES, 5 KCl, 2 CaCl 2 , 1 MgCl 2, pH 7.3, with NaOH, via a Warner (Hamden, CT) VC-6 drug delivery system. The 90 mM KCl solution with equal molar replacement of NaCl by KCl was used to serve as repetitive stimulation (2 min 90 K ϩ followed by 8 min bath solution, and repeated 6 times) (for protocol, see Fig. 1 A) (Wu et al., 2001b) . To record miniature EPSCs (mEPSCs), TTX (0.5 M) and bicuculline (BIC, 20 M) were added into the bath solution to block action potentials and GABAergic events. Patch pipettes were pulled from borosilicate glass and had resistances of 2-4 M⍀ when filled with internal pipette solution, which consisted of the following (in mM): 135 KCl, 10 Tris-phosphocreatine, 2 EGTA, 10 HEPES, 4 MgATP, 0.5 Na 2 GTP, pH 7.3, with KOH. The series resistance was typically 10 -20 M⍀ and partially compensated by 30 -50%. The membrane potential was held at Ϫ70 mV. Data were acquired using pClamp 9 software, sampled at 10 kHz, and filtered at 1 kHz. Off-line data analysis of mEPSCs was performed using MiniAnalysis software (Synaptosoft, Decator, GA). Experiments were performed at room temperature. Student's t test was used for statistical analysis for mini events.
FM 1-43 imaging and analysis. Images were acquired using an inverted Nikon (Tokyo, Japan) TE 2000-S microscope equipped with a Hamamatsu (Hamamatsu City, Japan) ORCA 100 cooled CCD camera. FM 1-43 dye was loaded into nerve terminals by immersion in 90 mM KCl solution plus FM dye (10 M) for 2 min and then washing in normal bath for 6 min before taking the first FM staining image (for protocol, see Fig.  2 A). The FM signal was then destained by exposure to two sequential dye-free 90 mM KCl pulses and the second destained fluorescence image was taken. The subtracted image (FM 1-stain Ϫ FM 2-destain ) represents the activity-dependent functional synaptic vesicle turnover in control nerve terminals. After a total of six repetitive 90 K ϩ stimuli, which also served to stain and destain FM 1-43 dye, neurons were returned to the incubator in their original culture medium at 37°C for 2 h. Then, the same neurons imaged before were relocated and the FM staining (FM 3 ) and destaining (FM 4 ) procedures were repeated as before. The subtracted fluorescence image (FM 3-stain Ϫ FM 4-destain ) 2 h after repetitive stimulation measures any long-term change in presynaptic function. The FM signal was quantified using the algorithm of SimplePCI imaging software (Compix, Pittsburgh, PA) and the background noise in the nonsynaptic area was subtracted . The quantification of FM-labeled boutons included three steps. The first step was to apply enhancement to the images by activating Laplacian and smooth functions. The second step was to identify objects by setting a threshold so that all visually identifiable boutons are assigned as regions of interest, although the number of regions of interest in nonsynaptic area is minimal. The third step was to quantify objects by setting another threshold to further remove the tiny nonspecific dots in the nonsynaptic area (usually 3-5 pixels). We always used the same settings to quantify FM signal in the whole imaging field under the control condition and 2 h after repetitive stimulation, and the ratio of the two values represents long-term presynaptic changes. The number of FM-labeled boutons per imaging field ranged from hundreds, in immature neurons, to thousands, in mature neurons. Our analysis might underestimate the number of boutons in the densely innervated area where two boutons might appear to be merged as one bouton. Therefore, the ratio of increase in immature neurons could be an underestimation because repetitive stimulation increased the density of boutons. In addition to counting the FM-labeled active bouton number, the total integrated FM intensity in the bouton area was also quantified to assess the overall presynaptic functional changes. Because the same imaging field was compared before and after repetitive stimulation or drug treatment, the paired Student's t test was used for all statistical analysis of FM signal.
Immunocytochemistry. Presynaptic nerve terminals were identified with mouse monoclonal antibodies specific for synaptophysin (1:200; Chemicon, Temecula, CA) and SV2 (1:2000; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA), and glutamatergic postsynaptic puncta were identified using rabbit polyclonal antibody specific for PSD-95 (1:100; Zymed, South San Francisco, CA). Immunostaining was performed after live FM 1-43 imaging, with or without repetitive stimulation. Neurons were rinsed in PBS for three times and fixed for 12 min in 4% paraformaldehyde, pH 7.4. Coverslips were then rinsed three times in PBS and primary antibodies were added together with 0.15% saponin blocking solution, incubating overnight at 4°C. Then, coverslips were rinsed three times in PBS with 0.15% saposin for 15 min. Subsequently, samples were incubated for 45 min in anti-mouse Cy3 conjugated or anti-rabbit Alexa 488-conjugated secondary antibodies. For phalloidin staining, we incubate neurons in Alexa 488-conjugated phalloidin (1:3000; Invitrogen) for 45 min. Coverslips were then rinsed six times in PBS with 0.15% saponin for 15 min, and then mounted with mounting solution (50% glycerol, 50% 0.1 M NaHCO 3 , pH 7.4). Fluorescence signal was visualized on a Zeiss (Oberkochen, Germany) Axioplan 2 microscope. Fluorescence images were acquired by OpenLab software and analyzed with SimplePCI software, similar to that described above for FM 1-43 imaging. Phalloidin intensity was quantified along tau1-labeled axons (ϳ100 m per neuron, Ͼ1,000 m in total length), and background noise in the neighboring area was subtracted .
Drugs. CNQX, AP5, bicuculline, and nocodazole were purchased from Tocris (Ellisville, MO). Nimodipine, TTX, H89, and GF109203x, KT5720, and calphostin C were purchased from Sigma (St. Louis, MO). Latrunculin A, cytochalasin B, and jasplakinolide were purchased from Invitrogen. All of the drugs were freshly diluted in experimental solutions or culture medium to final concentrations before experiments.
Results
Repetitive-spaced stimulation induces long-term synaptic plasticity in immature but not mature hippocampal neurons We applied repetitive-spaced stimulation to induce long-term synaptic plasticity in hippocampal cultures with 90 mM KCl solution (2 min, repeated six times), which depolarizes membrane potential to ϳ0 mV and induces large calcium influx in nerve terminals and soma/dendrites (Wu et al., 2001a) . After control recordings and repetitive stimulation, neurons on coverslips were returned to culture incubator for 2 h and then taken out for re-examination of long-term synaptic changes (Fig. 1 A) . We first analyzed the frequency and amplitude of mEPSCs before and 2 h after repetitive stimulation (ARS) to monitor long-term changes of glutamatergic neurotransmission (Fig. 1) . Interestingly, the repetitive stimulation induced long-lasting enhancement of both the frequency and amplitude of mEPSCs in immature but not mature neurons, suggesting a developmental change of synaptic plasticity in hippocampal cultures (Fig. 1) . Immature neurons are defined here as 7-11 d in culture, a time period when the rate of synaptogenesis is very fast (Hsia et al., 1998; Cottrell et al., 2000; Friedman et al., 2000; Renger et al., 2001) , whereas mature neurons are cultured for 18 -22 d. mEPSCs were recorded in the presence of TTX (0.5 M) and the GABA A receptor blocker BIC (20 M). In immature neurons, the average amplitude of mEPSCs increased from 13.6 Ϯ 0.8 pA (n ϭ 38) in control to 19.4 Ϯ 2.6 pA (n ϭ 22; p Ͻ 0.04, Student's t test) after repetitive stimulation, whereas the frequency increased from 1.9 Ϯ 0.3 Hz (n ϭ 38) in control to 3.7 Ϯ 0.6 Hz ( p Ͻ 0.01; n ϭ 22) after stimulation. Analysis of mEPSC kinetics revealed no significant difference in the decay time of mEPSCs before and after repetitive stimulation (control, 6.1 Ϯ 0.3 ms, n ϭ 9; after stimulation, 5.4 Ϯ 0.5 ms, n ϭ 9; p Ͼ 0.19), but the rising time decreased significantly after stimulation (control, 0.78 Ϯ 0.08 ms, n ϭ 9; after stimulation, 0.57 Ϯ 0.06 ms, n ϭ 9; p Ͻ 0.04). These results suggest that both presynaptic glutamate release and postsynaptic glutamate receptor responses in immature neurons are significantly enhanced after repetitive stimulation. In mature neurons, however, the same repetitive stimulation did not induce significant changes in either the mEPSC frequency (control, 3.9 Ϯ 0.9 Hz, n ϭ 15; after stimulation, 3.1 Ϯ 0.5 Hz, n ϭ 19; p Ͼ 0.4) or the amplitude (control, 16.1 Ϯ 1.7 pA, n ϭ 15; after stimulation, 15.3 Ϯ 1.2 pA, n ϭ 19; p Ͼ 0.7) (Fig. 1F,G) . Thus, repetitive stimulation induces a long-term synaptic plasticity in hippocampal cultures that is significantly regulated during neuronal development.
Repetitive stimulation increases presynaptic functional boutons in immature neurons
We used live FM 1-43 imaging to investigate the underlying presynaptic mechanism of the long-term synaptic plasticity induced by repetitive stimulation (Betz and Bewick, 1992; Ryan et al., 1993; Ma et al., 1999) . We used microisland cultures on dotted coverslips to examine activity-dependent FM puncta in the same imaging field before and 2 h after repetitive stimulation. Unlike electrophysiology recordings, which are performed on different neurons before and after stimulation, live FM imaging is noninvasive and allows imaging of the same neurons to accurately measure presynaptic changes after stimulation. The paired Student's t test was used for imaging statistical analysis. The imaging protocol is illustrated in Figure 2 A. The first 90 K ϩ stimulation solution contained fluorescent dye FM 1-43 (10 M) to label active presynaptic boutons, which uptake FM dye through vesicle endocytosis. After 2 min staining and 6 min washing with bath solution, a fluorescent image was taken (image 1 for staining). Then, five repeated dye-free 90 K ϩ stimulations were used to destain the FM signal. A fluorescent image after two dye-free 90 K ϩ stimulations was taken as the destained image (image 2 for destaining). The subtracted FM image (FM 1 Ϫ FM 2 ) represents the efficiency of synaptic vesicle cycling in control condition. After a total of six repetitive 90 K ϩ stimuli, neurons were returned to culture incubator for 2 h and the previous imaged field was located back for the second round of staining-destaining procedure (Fig. 2 A) . Figure 2 , B and C, illustrates an imaging field of immature neurons (phase images) before and 2 h after repetitive stimulation. No apparent change in the overall neuronal morphology was observed after stimulation as judged by eyes. However, the subtracted FM images showed significantly enhanced FM signal after repetitive stimulation (Fig. 2 D-H ). The FM-labeled puncta greatly increased from 42 per 100 m dendrite in control (Fig. 2 D) to 76 after repetitive stimulation (Fig.  2 E) . Group analysis revealed a 3.6-fold increase in the total integrated FM intensity (n ϭ 11; p Ͻ 0.01) and a 2.6-fold increase in the active bouton number ( p Ͻ 0.01) after repetitive stimulation ( Fig. 2 I, J ). The quantification is based on the total FM-labeled bouton number in the whole imaging field, which increased from an average of 165 Ϯ 27 (n ϭ 11) active boutons per imaging field in control to 433 Ϯ 87 boutons after repetitive stimulation. For clear illustration of the increase after stimulation, both integrated FM intensity and active bouton number were normalized to the control level before stimulation.
In contrast to immature neurons, the same repetitive stimulation protocol did not change the presynaptic function of mature neurons ( Fig. 2 K-Q) . The morphology of mature neurons was also similar between control and 2 h after repetitive stimulation ( Fig. 2 K, L) . The FM signal was not substantially changed after repetitive stimulation in mature neurons, with a bouton density at 149 per 100 m dendrite in the control condition (Fig. 2 M) and 168 after repetitive stimulation (Fig. 2 N) . Group analysis (paired t test) showed that neither the total FM intensity (n ϭ 11; p Ͼ 0.1) nor the active bouton number ( p Ͼ 0.1) was significantly altered after repetitive stimulation (Fig. 2 R, S) . The total number of active boutons per imaging field in mature neurons only changed slightly from 1649 Ϯ 582 (n ϭ 11) before repetitive stimulation to 2303 Ϯ 536 after repetitive stimulation. Note that there is a 10-fold increase in the total number of functional boutons per imaging field in mature neurons compared with immature neurons in resting condition. Thus, in accordance with the electrophysiological analysis, the FM imaging experiments indicate that repetitive stimulation induces presynaptic long-term enhancement in immature but not mature neurons, supporting the notion that long-term synaptic plasticity is developmentally regulated.
To test whether multiple repetitive stimuli are necessary to induce long-term presynaptic enhancement in immature neurons, we examined the effect of singlespaced stimulation (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). No significant changes in the integrated FM intensity ( p Ͼ 0.59; n ϭ 6) or active bouton number ( p Ͼ 0.25; n ϭ 6) were found 2 h after single-spaced stimulation. Thus, multiple spaced stimuli are required for long-term synaptic plasticity.
Immature synapses are presynaptically silent but become active after repetitive stimulation We next examined whether the increase of active boutons comes from activation of previously existing synapses or from the formation of new synapses. To distinguish these two possibilities, live FM imaging, which identifies activity-dependent functional boutons, was followed with retrospective immunostaining of synaptophysin, which identifies all presynaptic boutons including both active and silent ones (Fig. 3) . For immature neurons without repetitive stimulation, many presynaptic boutons labeled with synaptophysin lacked FM 1-43 staining, suggesting that these synaptophysin-labeled boutons are physically existing but functionally silent (Fig. 3A-C) . After repetitive stimulation, most of the synaptophysin-labeled boutons were stained with FM 1-43, suggesting that some previously silent boutons are now converted into active ones (Fig. 3D-G) . Quantitative analysis revealed that in the control condition, the ratio of FM-labeled functional boutons over the total synaptophysin-positive boutons is 0.59 Ϯ 0.04 (n ϭ 4). After repetitive stimulation, the ratio increased to 0.92 Ϯ 0.03 (n ϭ 4; p Ͻ 0.001, Student's t test), indicating a significant increase of functional boutons. In contrast, mature neurons showed highly correlated staining of synaptophysin and FM 1-43 puncta regardless of repetitive stimulation, with the ratio of FM-labeled boutons over total synaptophysinlabeled boutons being 0.85 Ϯ 0.02 (n ϭ 4) in control, and 0.90 Ϯ 0.04 (n ϭ 4; p Ͼ 0.3) after repetitive stimulation (Fig. 3H-N ) . These results suggest that the majority of presynaptic boutons of mature neurons are already active before stimulation.
We next examined changes of the presynaptic and postsynaptic components simultaneously in immature neurons. Again, FM imaging was used to label functional presynaptic boutons, and retrospective double immunostaining of presynaptic marker SV2 and postsynaptic marker PSD-95 were used to label the total number of presynaptic and postsynaptic puncta (Fig. 4) . Under the control condition, FM-labeled puncta were only a small fraction of SV2-labeled puncta, confirming that many SV2-labeled presynaptic boutons are functionally silent (Fig. 4 A, C,E) . Most of the FM-labeled puncta also overlaid with PSD-95 puncta, suggesting that these puncta represent functional synapses (Fig.  4 A, B,D) . After repetitive stimulation, the number of FM-labeled active boutons significantly increased and the majority of them correlate very well with PSD-95 and SV2 puncta (Fig. 4 F-J ) . To quantify the relative changes of presynaptic versus postsynaptic puncta after repetitive stimulation, the puncta numbers of FM 1-43 and PSD-95 were normalized to that of SV2. The number of FM 1-43 puncta increased significantly from 40% in control (n ϭ 12) to 90% after repetitive stimulation (n ϭ 9) ( p Ͻ 0.001), whereas the number of PSD-95 puncta only increased slightly from 80 to 90% without statistical significance ( p Ͼ 0.2) (Fig.  4 K) . Thus, repetitive stimulation converts presynaptic silent synapses into functional ones in immature neurons, which may contribute significantly to long-term synaptic plasticity. (Fig. 5) . When L-type Ca 2ϩ channel blocker nimodipine (10 M) was present during repetitive 90 K ϩ stimulation, neither the mEPSC amplitude (18.4 Ϯ 2.0 pA in control, n ϭ 12; 19.3 Ϯ 2.0 pA after stimulation, n ϭ 14; p Ͼ 0.8) nor the frequency (1.95 Ϯ 0.72 Hz in control, n ϭ 12; 1.97 Ϯ 0.38 Hz after stimulation, n ϭ 14; p Ͼ 0.7) increased after repetitive stimulation (Fig. 5 A, B) , underscoring a critical role of L-type Ca 2ϩ channels in long-term synaptic plasticity.
Activation of presynaptic silent synapses depends on L-type
To further investigate the function of L-type Ca 2ϩ channels in activitydependent presynaptic plasticity, we examined FM-labeled puncta changes before and after repetitive stimulation in the presence of nimodipine in immature neurons (Fig. 5C,D) . With nimodipine treatment, repetitive stimulation no longer induces any significant increase of FM intensity (n ϭ 11; p Ͼ 0.34) (Fig. 5G) , nor the active bouton number (n ϭ 11; p Ͼ 0.10) (Fig.  5H ) . Thus, L-type Ca 2ϩ channels may play an important role in the activation of presynaptic silent synapses after repetitive stimulation. Ca 2ϩ influx activates downstream effectors such as protein kinases, which have been demonstrated to be important players in long-term synaptic plasticity (Malinow et al., 1988; Abel et al., 1997; Malenka and Nicoll, 1999; Xia and Storm, 2005) . Here, we examined the effects of two important protein kinases, PKA and PKC, during activitydependent presynaptic plasticity in immature neurons (Fig. 5E-H ) . In the presence of PKA inhibitor H89 (1 M), the FM 1-43 staining pattern did not show a significant change after repetitive stimulation (Fig. 5 E, F ) . Quantitative analysis revealed that after H89 treatment, the fluorescence intensity and active bouton number both had little change (n ϭ 8; p Ͼ 0.14 for fluorescence intensity, and p Ͼ 0.48 for bouton number) after repetitive stimulation (Fig. 5G,H ) . In contrast, when neurons were treated with PKC inhibitor GF109203x (5 M), both the fluorescence intensity (n ϭ 7; p Ͻ 0.01) and active bouton number (n ϭ 7; p Ͻ 0.03) of immature neurons decreased significantly after repetitive stimulation (Fig. 5G,H ) . This is confirmed with a second PKC inhibitor calphostin C (100 nM), which reduced the active bouton number to about half (the ratio after stimulation/control ϭ 0.51 Ϯ 0.03; n ϭ 8; p Ͻ 0.001). We further examined the treatment of PKC inhibitors on functional boutons under normal conditions without repetitive stimulation. The number of functional boutons was significantly decreased by both GF109203x (0.48 Ϯ 0.03; n ϭ 15; p Ͻ 0.001) and calphostin C treatment (0.55 Ϯ 0.07; n ϭ 12; p Ͻ 0.001) under control conditions. Thus, both PKA and PKC are required for the activation of presynaptic silent synapses after repetitive stimulation in immature neurons. PKC may also be critical in maintaining normal presynaptic functions under resting conditions. We next analyzed whether activation of glutamate receptors is required for activation of presynaptic silent synapses induced by repetitive 90 K ϩ stimulation in immature neurons (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Antagonists of AMPA (CNQX, 10 M) and NMDA receptors (AP5, 50 M) were applied during repetitive stimulation. We first analyzed mEPSCs before and after repetitive stimulation in the presence of AP5 and CNQX (supplemental Fig. 2 A, B , available at www.jneurosci.org as supplemental material). Blocking glutamate receptors abolished the increase of the amplitude of mEPSCs induced by repetitive stimulation (control, 14.3 Ϯ 1.3 pA, n ϭ 18; stimulation with CNQX/AP5, 19.0 Ϯ 4.1 pA, n ϭ 24; p Ͼ 0.2), consistent with the important role of glutamate receptors in postsynaptic long-term plasticity. However, the frequency of mEPSCs was still significantly increased after repetitive stimulation in the presence of CNQX/ AP5 (control, 1.8 Ϯ 0.3 Hz, n ϭ 18; stimulation with CNQX/AP5, 4.9 Ϯ 0.9 Hz, n ϭ 24; p Ͻ 0.004). To further examine the effect of glutamate receptors on presynaptic plasticity in immature neurons, FM imaging was conducted to analyze changes of presynaptic functional boutons before and after repetitive stimulation in the presence of CNQX/AP5. In agreement with electrophysiological experiments, repetitive stimulation induced a significant increase in both the integrated FM intensity ( p Ͻ 0.01; n ϭ 13) and active bouton number ( p Ͻ 0.02; n ϭ 13) (supplemental Fig. 2C-F , available at www.jneurosci.org as supplemental material). These studies suggest that activation of presynaptic silent synapses is dependent on L-type Ca 2ϩ channels and PKA/PKC signaling pathways, whereas postsynaptic enhancement is dependent on glutamate receptor activation.
Actin plays a critical role in activating presynaptic silent synapses
Actin is thought to play an important role in synaptic remodeling (Matus, 2000; Colicos et al., 2001; Star et al., 2002; Sankaranarayanan et al., 2003; Wang et al., 2005) . Here, we found that actin polymerization is critical in converting presynaptic silent synapses into functional ones induced by repetitive stimulation in immature neurons (Fig. 6) . We first recorded mEPSCs in immature neurons after repetitive stimulation in the absence or presence of latrunculin A (5 M), a strong actin depolymerizer widely used to study actin function in synaptic vesicle cycling (Morales et al., 2000; Sankaranarayanan et al., 2003; Richards et al., 2004) . The frequency of mEPSCs was significantly reduced after latrunculin A treatment (90 K ϩ stimulation, 5.11 Ϯ 1.01 Hz, n ϭ 14; 90 K ϩ plus latrunculin A, 1.87 Ϯ 0.37 Hz, n ϭ 17; p Ͻ 0.01), but the amplitude was not greatly affected (21.8 Ϯ 3.2 pA without latrunculin A, n ϭ 14; 16.6 Ϯ 2.1 pA with latrunculin A, n ϭ 17; p Ͼ 0.1) (Fig. 6 A, B) . We next tested whether latrunculin A and another weaker actin depolymerizer cytochalasin B (4 M) have any effect on mEPSCs of immature neurons under basal conditions without 90 K ϩ stimulation. Latrunculin A (5 M) significantly affected basal mEPSCs, whereas cytochalasin B had no significant effect (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). The average amplitude of mEPSCs was 24.3 Ϯ 1.9 pA (n ϭ 15) in the control condition, dropped to 18.7 Ϯ 3.4 pA (n ϭ 15; p Ͼ 0.1) after cytochalasin B treatment, and significantly decreased to 15.5 Ϯ 2.6 pA (n ϭ 16; p Ͻ 0.02) after latrunculin A treatment. The mEPSC frequency was 0.62 Ϯ 0.16 Hz (n ϭ 15) in control, 0.35 Ϯ 0.07 Hz (n ϭ 15; p Ͼ 0.1) after cytochalasin B treatment, and 0.12 Ϯ 0.02 Hz (n ϭ 16; p Ͻ 0.001) after latrunculin A treatment. The strong effect of latrunculin A on basal mEPSCs of immature neurons suggests that actin polymerization is required for functional integrity of immature synapses (Zhang and Benson, 2001 ). However, the mild effect of cytochalasin B on basal release makes it better suited for studying actin function in synaptic plasticity.
To investigate the function of actin in presynaptic plasticity, FM imaging was used to assay presynaptic changes after repetitive stimulation with or without inhibition of actin polymerization (Fig. 6C-H ) . Consistent with the electrophysiological data, latrunculin A (5 M) not only abolished the increase of FM staining induced by repetitive stimulation, but also induced a significant reduction in both the integrated FM intensity ( p Ͻ 0.01; n ϭ 10) and active bouton number ( p Ͻ 0.03; n ϭ 10), further supporting the notion that F-actin is critical in the maintenance of young synapses (Zhang and Benson, 2001 ). In contrast, cytochalasin B (4 M) only abolished the increase of integrated FM intensity ( p Ͼ 0.13; n ϭ 8) and active bouton number ( p Ͼ 0.16; n ϭ 8) induced by repetitive stimulation without causing any additional decrease compared with the control (Fig. 6 E-H ) . Similar to the effect after repetitive stimulation, latrunculin A treatment also reduced the functional bouton number after single stimulation (the ratio after treatment/control ϭ 0.44 Ϯ 0.06; n ϭ 10; p Ͻ 0.003, paired t test), but cytochalasin B did not show a significant effect (the ratio after treatment/control ϭ 1.01 Ϯ 0.13; n ϭ 8; p Ͼ 0.9).
Actin but not microtubule is critical for presynaptic long-term plasticity
To test whether actin polymerization is sufficient to induce presynaptic long-term plasticity, we treated immature neurons with the actin polymerizer jasplakinolide (100 nM, 30 min) and examined presynaptic changes after single-spaced stimulation (Fig.  7A-D) . As shown in supplementary Figure 1 , single-spaced stimulation alone did not induce long-term changes of FM staining. However, the same single-spaced stimulation paradigm after pretreatment with jasplakinolide resulted in long-term increase of the integrated FM intensity ( p Ͻ 0.01; n ϭ 13) and active bouton numbers ( p Ͻ 0.01; n ϭ 13), suggesting that actin polymerization alone may be sufficient in enhancing presynaptic function (Fig. 7A-D) . In support of this conclusion, we found that jasplakinolide treatment alone without any stimulation significantly increased the mEPSC frequency (control, 0.26 Ϯ 0.02 Hz, n ϭ 14; after jasplakinolide, 0.36 Ϯ 0.04 Hz, n ϭ 13; p Ͻ 0.05) but not the amplitude (control, 12.0 Ϯ 0.7 pA, n ϭ 14; after jasplakinolide, 11.3 Ϯ 1.0 pA, n ϭ 13; p Ͼ 0.5). Consistent with our finding, it has been demonstrated that jasplakinolide treatment alone can recruit actin to synaptic terminals and occlude further activitydependent recruitment (Sankaranarayanan et al., 2003) .
Microtubule is another important cytoskeleton element and also reported to play a role in synaptic remodeling in certain types of synapses (Langford, 1995; Ruiz-Canada et al., 2004) . To test the function of microtubules in presynaptic plasticity, immature neurons were treated with nocodazole (10 M) before and during repetitive stimulation to depolymerize microtubules, as used in previous studies (Yabe et al., 1999; Gibney and Zheng, 2003) (Fig.  7E-H ) . In contrast to actin depolymerizer cytochalasin B or latrunculin A, nocodazole did not block the increase of the integrated FM intensity ( p Ͻ 0.01; n ϭ 8) nor the active bouton number ( p Ͻ 0.02; n ϭ 8) induced by repetitive stimulation. Thus, it is the polymerization of actin but not microtubule that plays a critical role in long-term presynaptic enhancement.
Repetitive stimulation increases actin polymerization in immature but not mature axons To understand why our repetitive stimulation paradigm induced long-term synaptic plasticity in immature but not mature neurons, we examined actin polymerization induced by single versus multiple 90 K ϩ stimulation in both immature and mature neurons (Fig. 8) . The degree of actin polymerization was quantified by immunostaining of fluorescently labeled phalloidin, which binds selectively to F-actin and widely used as an index for actin polymerization. Coimmunostaining with Tau1 antibody was used to label axons. In immature neurons, phalloidin intensity was weak after single stimulation, but increased by twofold after repetitive stimulation (single stimulation, 817 Ϯ 138 arbitrary unit; after repetitive stimulation,1648 Ϯ 83; n ϭ 5; p Ͻ 0.002) (Fig. 8 A-D) . In contrast, in mature neurons, phalloidin intensity was already strong with single stimulation, and not further increased after repetitive stimulation (single stimulation, 2016 Ϯ 139; after repetitive stimulation, 2148 Ϯ 83; n ϭ 5; p Ͼ 0.44) (Fig.  8 E-H ) . Together with the experiments using actin polymerizer and depolymerizer described above, our data suggest that actin dynamics undergo a significant change during neuronal maturation, which in turn regulates long-term synaptic plasticity during neuronal development.
Discussion
The major finding of this work is that actin-dependent activation of presynaptic silent synapses significantly contributes to longterm synaptic plasticity in developing hippocampal neurons. A combination of FM imaging and retrospective immunostaining experiments indicate that many physically existing presynaptic boutons in immature neurons are functionally silent at resting conditions. Repetitive neuronal stimulation substantially increases actin polymerization and simultaneously activates presynaptic silent boutons in immature neurons. In mature neurons, however, the F-actin level under the control condition is already high and the repetitive stimulation does not change the F-actin level nor enhance synaptic transmission. These data suggest a critical role of actin in regulating synaptic plasticity during neuronal development.
Actin-dependent activation of presynaptic silent boutons
It has been demonstrated that activation of postsynaptic silent synapses contributes to long-term synaptic plasticity (Isaac et al., 1995; Liao et al., 1995; Durand et al., 1996; Wu et al., 1996) , but much less is known about the activation of presynaptic silent synapses. A previous study showed that bath application of cAMP in hippocampal cultures increased the number of presynaptic functional boutons, suggesting the importance of the PKA signaling pathway in the activation of presynaptic silent synapses (Ma et al., 1999) . We investigated presynaptic silent synapses by combining live FM 1-43 imaging, which labels only functional presynaptic boutons, together with synaptophysin/SV2 immunostaining to label all pre-existing synaptic terminals. Taking advantage of microisland cultures on marked coverslips, we examined the same imaging field under three consecutive condi- tions, which are control, 2 h after repetitive stimulation, and followed by retrospective immunostaining (Figs. 3, 4) . We found that in immature neurons, only a fraction of synaptophysin-or SV2-labeled boutons are capable of activity-dependent FM uptake in the control condition, suggesting that the majority of existing boutons are functionally silent. However, after repetitive stimulation, most of the synaptophysin-or SV2-labeled boutons are now capable of FM staining, indicating a functional conversion. We do not exclude the possibility that some functional boutons that appeared after repetitive stimulation are de novo formation of new presynaptic puncta. Some of the FM-labeled puncta may be mobile vesicle clusters, which will pause and form synapses later (Ahmari et al., 2000; Friedman et al., 2000; Krueger et al., 2003) . It is possible that postsynaptic actin polymerization may play a role in activating presynaptic silent synapses as well through retrograde signaling (Wang et al., 2005) . We should also point out that the absolute number of active boutons depends on the threshold setting of the imaging analysis. Therefore, some boutons with a very low rate of vesicle turnover may not be detected. We have optimized our automatic detection system so that the software-detected boutons are the best match with eyedetected boutons (see Materials and Methods). In addition, to offset for the threshold detection, we also quantified the total FM intensity in the bouton area. Similar to the bouton number change, the total FM intensity also increased substantially after repetitive stimulation in immature neurons.
Consistent with previous findings (Ma et al., 1999) , we found that PKA and PKC signaling pathways, together with L-type Ca 2ϩ channels, are required for the activation of presynaptic silent synapses. Furthermore, we have obtained several lines of evidence supporting the role of actin polymerization in the activation of presynaptic silent synapses: first, inhibition of actin polymerization with latrunculin A significantly decreased the mEPSC frequency after repetitive stimulation. Second, cytochalasin B and latrunculin A abolished the increase of active boutons after repetitive stimulation. Third, promoting actin polymerization by jasplakinolide increased the active bouton number. Fourth, repetitive stimulation induced a twofold increase of F-actin in immature axons. According to these data, we propose a simplified model to depict the actin-dependent activation of presynaptic silent boutons, as illustrated in Figure 8 I. In immature neurons under the control condition, many presynaptic boutons are functionally silent because of a low level of polymerized F-actin. After repetitive stimulation, the level of F-actin is significantly increased (Fig. 8 I, right arrow) to allow certain structural rearrangement so that synaptic vesicles are now accessible to the release zone and start exo-endocytosis. In contrast, latrunculin A may cause disassembly of F-actin into G-actin (Fig. 8 I, left arrow) and convert active boutons into silent ones. The strong effects of latrunculin A and PKC inhibitors on basal mEPSCs suggest that both F-actin and PKC are required for maintaining normal synaptic functions in developing synapses, and their effects on synaptic plasticity should be cautiously interpreted.
Our finding that actin polymerization is critical in activating presynaptic silent synapses is consistent with recent studies suggesting an active role of actin in synaptic transmission and plasticity (Dillon and Goda, 2005) . A prominent characteristic of actin is its activity-dependent dynamics. Electrical stimulation induces presynaptic actin condensation and postsynaptic actin enlargement in dendritic spines (Colicos et al., 2001; Sankaranarayanan et al., 2003; Okamoto et al., 2004) . In accordance with these actin dynamic changes, we found that the total F-actin level in axons increased by twofold after repetitive stimulation in immature neurons, supporting the notion that activity shifts the F-actin/G-actin equilibrium toward F-actin (Okamoto et al., 2004) . In association with an increase of F-actin level after repetitive stimulation, presynaptic silent boutons are also transformed into functional ones in immature neurons. The strong correlation between actin polymerization and the number of active boutons in immature neurons suggests that actin polymerization may act as a main gating mechanism toward presynaptic plasticity ( ical plasticity, but also plays a critical role in functional plasticity in immature neurons.
Presynaptic versus postsynaptic contribution to long-term synaptic plasticity
Postsynaptic modification of glutamate receptors has long been recognized in the expression and maintenance of LTP (Collingridge and Bliss, 1995; Nicoll and Malenka, 1995) . Our results suggest that both presynaptic and postsynaptic mechanisms are involved in long-term synaptic plasticity. The presynaptic enhancement is reflected by a long-term increase of mEPSC frequency and active bouton number after repetitive stimulation, in accordance with previous studies (Malgaroli et al., 1995; Ryan et al., 1996; Ma et al., 1999; Zakharenko et al., 2001) . Activation of glutamate receptors and L-type Ca 2ϩ channels has been implied in both presynaptic and postsynaptic long-term plasticity (Johnston et al., 1992; Malgaroli and Tsien, 1992; Nicoll and Malenka, 1995; Zakharenko et al., 2001; Niikura et al., 2004) . We found that the postsynaptic potentiation of mEPSC amplitude after repetitive 90 K ϩ stimulation can be blocked by either L-type Ca 2ϩ channel blocker or glutamate receptor antagonists (Fig. 5 , supplemental Fig. 2 , available at www.jneurosci.org as supplemental material), suggesting multiple signaling pathways involved. However, the presynaptic enhancement of mEPSC frequency and FM staining was only blocked by nimodipine but not AP5/CNQX, suggesting an unconventional presynaptic plasticity. We propose that the repetitive 90 K ϩ stimulation may induce a large Ca 2ϩ influx into nerve terminals, which directly activates down-stream cell-signaling pathways such as protein phosphorylation and actin polymerization to trigger long-term plasticity (Bito et al., 1996; Wu et al., 2001b) .
Actin and developmentally regulated long-term synaptic plasticity
One interesting result of this study is that repetitive 90 K ϩ stimulation induces long-term synaptic changes in immature but not mature hippocampal neurons. This difference between immature and mature neurons may be caused by activity-dependent presynaptic development. Actin is a major component of the cytoskeleton proteins, and plays a critical role in neurite growth and axon guidance (Dent and Gertler, 2003) . Previous work found that actin exerts differential effects in maintaining immature versus mature synaptic structures (Zhang and Benson, 2001) . Our studies further demonstrate that actin polymerization is functionally linked to synaptic plasticity during neuronal maturation. Therefore, in immature synapses, actin not only serves as a scaffolding cytoskeletal protein to maintain synaptic structures, but also actively regulates synaptic vesicle cycling. After neuronal maturation, actin may shift to a more scaffolding function to allow other proteins such as synapsin 1a or PSD-95 to regulate presynaptic and postsynaptic functions (Allison et al., 2000; Zhang and Benson, 2001; Schoch et al., 2002; Sankaranarayanan et al., 2003) .
Our finding that actin-dependent activation of presynaptic silent synapses is prominent in immature but not mature neurons supports the notion that developing neurons are more plastic than mature neurons (Durand et al., 1996; Wu et al., 1996; Choi et al., 2000; Gasparini et al., 2000; Hanse and Gustafsson, 2001; Renger et al., 2001) . Although it is possible that mature neurons in culture are less sensitive to certain type of neuronal stimulation, the lack of increase of active boutons in mature neurons after repetitive stimulation is consistent with previous studies showing no significant change in the total number of presynaptic puncta after LTP induction (Zakharenko et al., 2001; Fukazawa et al., 2003) . Thus, long-term plasticity in mature synapses may be expressed mainly by enhancement of presynaptic release efficiency and postsynaptic receptor responses, whereas in immature synapses, activation of presynaptic and postsynaptic silent synapses contributes significantly to long-term synaptic plasticity.
